Abstract: A phase shift proximity printing lithographic mask is designed, manufactured and tested. Its design is based on a Fresnel computergenerated hologram, employing the scalar diffraction theory. The obtained amplitude and phase distributions were mapped into discrete levels. In addition, a coding scheme using sub-cells structure was employed in order to increase the number of discrete levels, thus increasing the degree of freedom in the resulting mask. The mask is fabricated on a fused silica substrate and an amorphous hydrogenated carbon (a:C-H) thin film which act as amplitude modulation agent. The lithographic image is projected onto a resist coated silicon wafer, placed at a distance of 50 µm behind the mask. The results show a improvement of the achieved resolution -linewidth as good as 1.5 µm -what is impossible to obtain with traditional binary masks in proximity printing mode. Such achieved dimensions can be used in the fabrication of MEMS and MOEMS devices. These results are obtained with a UV laser but also with a small arc lamp light source exploring the partial coherence of this source.
Introduction
The huge importance of the lithography on the fabrication of micro devices is well known. For most applications binary photolithography masks are employed. These masks consist of a transparent plate, covered by a patterned opaque film that acts as a light intensity modulating agent. The phase shift mask technique, introduced in the beginning of the eighties, employs a transparent thin film that modulates the phase of the transmitted light in order to compensate the diffraction effect of the edges of the mask features [1] [2] [3] [4] . This technique has been improved since then [5] [6] [7] . A phase shift of an incoming wavefront can be implemented both by adding a transparent thin layer with adjustable thickness on certain regions of the substrate, or by removing a specific amount of material from the same transparent region of the substrate. The first method imposes a π-phase delay in the wavefront, whereas the second one imposes a phase advancing by π radians. In this way, a phase shift mask can be considered a diffractive optical element capable of modulating both phase and amplitude (or intensity) of light [8] [9] [10] .
Proximity printing has been a very popular lithographic technique for microelectronic fabrication, because of its simplicity and low cost. Although the resolution achieved by this technique is far too large for today's microelectronic fabrication, it is still very suitable for MEMS and MOEMS devices, with dimensions which typically range from several micrometers to several millimeters. Many authors have been exploring this technique, in several fields of MEMS and MOEMS applications. Dentinger and associates studied the influence on the final resolution for thick resists exposed in proximity mode [11] . Kathleen investigated modeling and characterization of the resolution of proximity printing x-ray lithography [12] . Meyerhofer and associates investigated the application of proximity printing in the copy of chrome masks, and shown its potential for replicating 10X step-and-repeat recticles [13] . The fabrication of microlens arrays by exploring the diffraction of light and proximity exposure has been demonstrated by Lin and associates [14] , Ping and associates [15] , and Yang and associates [16] . Lin and associates fabricated optical waveguides by this same technique [17] . Schwalm and associates have simulated the proximity printing lithography in a model, which takes into account the effects of wave propagation inside a resist layer, diffraction, standing waves and the profile degradation beyond certain limits for the proximity distance between mask and wafer [18] . Meliorisz and associates also presented simulation results for proximity printing lithography, and compared scalar with rigorous electromagnetic computations [19, 20] . Teschke and associates have developed an interesting approach to implement halftone phase masks for analog lithography by using kinoform computer-generated holograms. This approach is derived from the interferometric phase contrast technique [21] .
The resolution, W, of the proximity exposure technique is limited by the diffraction effects that occur at the mask pattern edges [22, 23] , and given by
where d g denotes the gap between the mask and wafer under processing, λ is the operating wavelength and γ is a parameter which depends on the lithography process (typically 1< γ <2). Such square-root behavior of resolution degradation with respect to d g , follows from the Fresnel diffraction theory, valid for near field observation behind the apertures of the mask [23] . Considering conventional optical lithography in proximity exposure mode, typical values are γ = 1.6, λ = 0.4 µm, and d g = 25 µm, resulting in a resolution W = 4 µm.
The resolution of a lithography system operating in proximity printing mode can, however, be dramatically improved by replacing the conventional photo mask with a mask able to compensate the diffraction effects [10, 24, 25] . The final scale integration is also limited by the optical alignment errors of the different masks used during a micro device fabrication process. If a dark field photolithographic mask is necessary (e.g. to open holes for cantilever anchors with positive resist patterning), light is blocked over a wide region and the optical alignment is a time consuming and relatively difficult operation. Another important point is that both the mask alignment task and the throughput can be improved if this mask blocks the light only in the UV region (< 400 nm), i.e., a mask that is partially transparent in the visible region of the spectrum (400 -700 nm).
Wyrowski and associates [24, 25] have presented a similar approach by designing waveoptically based complex transmission masks. They were able to resolve 3 µm line/space patterns. The proximity mask used in their experiments was fabricated by e-beam lithography with four height levels and two amplitude transmission values.
In this work we propose a phase and intensity modulation diffractive phase shift proximity printing mask, fabricated using an amorphous hydrogenated (a:C-H) carbon thin layer -also known as Diamond-Like Carbon (DLC) -on top of a fused silica (SiO 2 ) substrate. The proposed diffractive structure was designed to form the required image within a plane at 50 µm behind the mask, as shown in Fig. 1 . In this figure the mask is located in the plane (x',y',z=0), and the wafer under exposure is located in the plane (x,y,z=50µm). This interplane distance may be chosen as most suited for the used alignment equipment. This gives another important degree of freedom for this procedure, optimizing the resolution of the transferred patterns for a specific equipment. The photomask was fabricated by binary optics and a sub-cells-based coding scheme was introduced in order to increase the design degree of freedom: not restricted on four phase levels or two amplitude levels. Another novelty of this work is the employment of an a:C-H thin film to modulate the light amplitude. The mask is designed to operate in low cost aligners, where transparent masks facilitate a lot the alignment process of the relatively poor optical system of the aligner, e.g. for a situation where a dark field mask needs to be used to transfer small sparse regions to a wafer. The proposed mask would ease the alignment task of structures over the whole wafer, i.e. structures very far apart with a large rotation misalignment. This alignment is much more complicated in a situation where the light is blocked by a metal opaque film, even in a complex-amplitude transmittance photomask.
The amorphous carbon layer blocks the light only in the UV region, being partially transparent in the visible region of the spectrum. This characteristic makes mask alignment much easier. The choice of this material is based on previous results [26] [27] [28] [29] [30] . When illuminated, the mask projects the required pattern at a predetermined distance by the modulation of both phase and amplitude of the UV exposure beam. The fused silica is used to modulate the phase and the a:C-H layer to modulate the intensity of the incoming UV light plane wave [31].
Design of the diffractive photomask
To generate the optical reconstruction, the scalar diffraction theory was employed [32] , by considering the free space propagation of the light along the gap between mask and wafer planes. The mask has been designed bythe inverse propagation of light [28, 29, 31] . In this method, the desired complex distribution of the mask m(x',y',z=0) = w(x',y', z=0) is obtained by solving the Helmholtz equation 
An elementary solution of this equation, in the frequency space, can be written in the form:
From the above result, the propagation phenomenon may be regarded as a linear, dispersive spatial filter with a finite bandwidth of extension inside a circular region with radius λ −1 in the frequency plane. Its transfer function, H(f x ,f y ), is given by Figure 2 shows a schematic diagram of the phenomenon of free space propagation, and its relation with frequency and image spaces, as well as mask and wafer planes. Equation (3) describes, in the frequency space, the relation between the desired light distribution in the wafer plane w(x,y,z=50µm) and the diffraction structure in the mask plane, m(x',y',z=0). To calculate the inverse propagation from the wafer plane to the mask plane, one has to apply the inverse filter for propagation:
where ℑ {.} denotes the two-dimensional Fourier Transform operator. Figure 3 shows a schematic view of the basic algorithm used for the calculations of the proposed diffractive mask. It consists in generating a complex-valued distribution by performing the propagation path backwards (inverse propagation). Afterwards this complexvalued distribution is mapped into a suitable set of photolithographic masks by applying a coding scheme, as detailed in section 3.
The algorithm is initiated by establishing the desired image intensity distribution at the wafer plane, w(x,y,z=50µm). Then the inverse light propagation back to the mask plane is performed in the frequency space, generating a complex distribution, which can be written as an amplitude and a phase distribution. The obtained amplitude and phase information may be used in the fabrication of the diffractive phase shift photomask.
In the calculation of the inverse light propagation, the following normalized function, where
is a scale factor (a real number) used to normalize the maximum amplitude of |m(x',y')| to unity, and the operator MAX[.] represents the maximum value of the function m(x',y'). In the design, the desired reconstruction is a real distribution w(x,y,z=0
. Figure 4a shows the intensity distribution of a test structure desired to be transferred to the wafer, w(x,y,z=50µm); Figs. 4b and 4c show the corresponding amplitude distribution, A(x',y') [0<A<1], and phase distribution, φ(x',y') [0<φ <2π], to be implemented in the mask after applying the propagation method described above. 
Diffractive mask coding scheme
The resulting inverse light propagation normalized distribution, m N (x',y'), calculated from the desired light distribution w(x,y), with values of both phase and amplitude, must be coding in the mask plane (x',y'). From a computer holography point of view, it is convenient to represent the functions in the mask and wafer planes as an array of discrete sampled values.
Considering these functions as band limited, i.e., functions whose Fourier Transforms are non-zero over only a finite region in frequency space, the reconstruction can be obtained exactly, providing the interval between samples is smaller than a certain value, as stated by the Whittaker-Shannon sampling theorem [28, 29] .
The continuous phase distribution can be implemented using variable dose electron beam lithography, or a laser ablation process, generating a continuous variation in the thickness of a suitable optical quality glass [30] [31] [32] . In this work, however, considering the time and cost involved in a process that generates continuous phase profiles, it is proposed to use the socalled binary optics method [21, 22, 33, 34] for the fabrication of the phase shift diffractive photomask. In this method of fabrication, both the phase and amplitude information (which are continuous distributions) are approximated by a stepwise approach. To this end, a set of conventional binary photolithographic masks is fabricated from the continuous information by a search and sampling algorithm. Once the mask set is obtained, the phase shift diffractive photomask can be fabricated. The characteristics and number of photolithographic masks depends on the number of level approximation and the coding scheme used to map the phase and amplitude information.
The mask consists of several test structures, with 128×128 cells. Each cell contains 16 sub-cells, in a 4×4 arrangement. The total size of the test structures (each chip of the photomask) is 2.56 mm. As shown in Fig. 3 , the phase distribution, φ(x',y'), is sampled to yield four phase delaying levels: 0, π/2, π, and 3π/2 radians. The amplitude distribution, A(x',y'), is sampled to yield five possible values: 0, 25, 50,75 and 100% of the total cell size. Mask #1 will create a π/2-phase delay profile and mask #2 a π-phase delay profile. Combining these two masks it is possible to create the desired relief in the optical substrate, with four levels discretization. To implement the amplitude modulation, an opaque layer is deposited on top of the transparent substrate with the four-level phase relief, and patterned by a third lithographic mask (mask #3). The amplitude modulation is achieved by removing small parts of the opaque layer over the region of each phase pixel structure previously patterned. These apertures act as local diaphragms controlling the desired light transmission, in such a way that the dimension of these apertures must be proportional to the amplitude A(x',y').
A representation in the complex plane of all possible values of amplitude and phase considering the above coding scheme is shown in Fig. 5 . The four possible values of phase are represented in Fig. 5a , by four points over the imaginary and real axes of the complex plane, with a distance equals to unity from the origin. The amplitude modulation can be represented by a segment over the positive real axe in Fig. 5b , which can have five possible magnitude values between 0 and 1, being proportional to the open area of an opaque thin layer as explained above. Figure 5c shows the combination of the previous two representations. In order to give additional degree of freedom and expand the possible values attributed to the functions φ(x',y') and A(x',y'), consider the cells of the photomask shown in Fig. 6 . The cell centers are spaced at regular intervals of width X in the x' direction and regular intervals of width Y in the y' direction. Since each cell is divided in sub-cells, it is possible to deal with the relation between areas that assume two different values of phase and/or amplitude inside this cell. Consider, for example, the first quarter of complex plane [30] [31] [32] . Figure 6 illustrates the subdivision of a cell, formed by 4×4 sub-cells, with new possible values of phase and amplitude. Figure 6b shows the structure of a window created on top of the phase cell of Fig. 6a , in order to modulate the amplitude of incident light between 0 and 1. The variation of U, from 0 to X inside the cell will introduce a smooth amplitude variation from 0 to 1. Figure 7a shows the structure of a particular cell with complex transmittance of amplitude equal to 0.5 and phase equal to π/4. Figure 7b shows all the possible values (black dots) of amplitude and phase within the first quadrant, as well as, the particular value of the cell of Fig. 7a . The full complex-amplitude modulation is achieved on the entire complex plane, i.e., on the regions of second, third and fourth quadrant, by combining, respectively, phase values π/2-π, π-3π/2, and 3π/2-0. 
Diffractive mask structure and error analysis
The diffractive phase shift mask is considered as a two-dimensional matrix structure with M×N rectangular cells of dimensions X×Y, with M and N being even numbers. Each cell represents a complex transmittance value m kl (x',y') 
The phase and amplitude information must be mapped into the discrete values:
Considering the cell structure described above and supposing that the mask is placed in the (x',y') plane, one has:
The errors introduced by approximating the full complex distribution A(x',y').exp[φ(x',y')] using the cell structure of Fig. 6 can be analyzed in the frequency plane, by calculating the Fourier transform of Eq. (8): 
One further approximation can be done. In the center of the region [(−8/NY,+8/NY)] the following maximum phase factor value
is assumed to be equal to π/16 for θ kl =0 and N=128. In this case, the exponential term 
Since the five-value amplitude modulation is achieved by varying the width A of the rectangular aperture A×Y created over each four-value phase structure, the resulting full complex-amplitude modulation is shown as the gray area of the normalized complex plane in Fig. 7b , with the coupled amplitude error modulation introduced by the variation of A. In Eq. The previous analysis shows that the phase structure suggested in Fig. 7 is a good approximation to encode the desired full complex-amplitude diffractive photomask. A similar error analysis can be extended to the second, third and fourth quadrant of the complex plane by combining, respectively the π/2-π, π-3π/2 and 3π/2-0 phase values with the apertures U×Y created over each phase structure.
Fabrication of the phase shift photomask
The phase shift diffractive photomask must be implemented using the discrete phase and amplitude information. The phase distribution was transferred by generating a variation of the thickness d kl (x',y') on a fused silica substrate with refractive index n SiO2 , using the relation 
where λ = 365nm is the operating wavelength of the exposure light source. This variable thickness was approximated by using binary optics [9] , with four phaselevels as shown in Fig. 3 . To implement the amplitude modulation in this phase shift diffractive mask, an a:C-H layer is deposited on top of the SiO 2 four-level phase relief, and patterned by a third lithographic mask (mask #3), generating the variable apertures size over the region of each phase pixel structure previously patterned. It should be mentioned that this carbon layer is opaque at λ = 365 nm, and relatively transparent in the visible region of the spectrum.
In order to determine a good intensity light modulation process, a:C-H films of different thicknesses were deposited upon blank fused silica wafers and their optical transmittance was quantified employing the UV-Vis-NIR spectrometric technique (equipment model Carry 500 from Varian Co.). A good thickness was found to be 1500 nm.
Initially a bare fused silica substrate was submitted to the transmittance spectral measurement. Afterwards, on top of this same substrate an a:C-H layer was deposited and this sample was submitted to the transmittance spectral measurement. Figure 8 shows the optical transmittance of a 1500 nm thick a:C-H thin film, as well as the transmittance of the respective fused silica substrate. Fig. 8 . Optical transmittance of a 1500 nm thick a:C-H thin film (black), and a fused silica substrate (gray). The thin film presents 4% transparency at exposure wavelength, while being partially transparent in the visible region.
One can note the flat transmittance behavior of the bare substrate at 92%. The 8% loss is due to refractive index mismatch between air and the fused silica substrate. Considering the sample with the presence of the carbon thin film, there is a strong absorption in the UV spectral region due to the a:C-H layer and the transmittance is only 4% at the operating wavelength. This opacity degree is enough to implement an intensity modulation in the photomask.
The transmittance uniformity along the 3-inch wafer is better than 97%, as measured among several points along the wafer including the center, border and halfway between center and border. Considering the exposure wavelength of 365 nm, a 1500 nm thick a:C-H layer blocks almost all the incoming light, while at the visible region of the spectrum this same layer is relatively transparent. This characteristic of semi-transparency in the visible region enables an easier alignment between different masks, certainly for dark field masks.
The carbon thin film was deposited by reactive magnetron sputtering [26, 36] , employing a high purity graphite electrode. The deposition condition was as follows: a 70 sccm methane flow rate, 5 mTorr pressure and 150 W RF power. At these process conditions a deposition rate of 16 nm/min was obtained.
Atomic Force Microscopy (AFM) measurements showed that the RMS roughness of a 1500 nm thick layer was 2.5 nm when deposited over the fused silica substrate. Even after a reactive ion etching of a 600 nm deep trench on the a:C-H film, the resulting RMS roughness was 4.7 nm (meaning a roughness less than λ/75) [33] . Figure 9 shows schematically the entire process to fabricate the proposed diffractive phase shift proximity photomask. The first step etches the fused silica substrate anisotropically in order to obtain an etch depth which generates a phase delay of π/2 (mask #1), i.e. an etch
The refractive index of the fused silica substrate is n SiO2 = 1.45, and λ = 365nm, so the etch depth of the first etching process d#1 = 365. [4(1. The total amplitude relief of one-lambda phase modulation in fused silica is λ.[(n SiO2 −1)] -1 = 811 nm, which means a proportion to the 1500 nm thick carbon layer of 54%. Although the a:C-H film is almost twice thicker than the phase structure maximum height relief, previous work showed that it can be etched very anisotropically in an oxygen-based plasma enabling sharp sidewalls [33] . It is possible to pattern much better and deeper lamellar structures in a:C-H than in fused silica. Well-defined lamellar structures with aspect ratio of 2 can be obtained in carbon films [34, 35] . A 3-inch diameter fused silica substrate was firstly cleaned with an ammonium hydroxide solution, then rinsed and dried. Upon this substrate, a 150 nm-thick aluminum layer was thermally evaporated to serve as a mask for the first plasma-etching step. Then a photo resist layer was spun coated at 2000 rpm during 20 s and submitted to a soft bake at 105°C during 90 s. The sample was exposed to UV light in order to transfer the π/2 phase delay mask pattern (mask #1), followed by the development step and hard bake at 115°C during 5 min.
The aluminum was wet etched in a solution of 10H 3 PO 4 + 1HNO 3 + 5H 2 O-DI, during 8 min. The remaining photoresist was then removed in an acetone bath at 70°C, followed by an isopropyl alcohol immersion at the same temperature. The fused silica substrate was then plasma etched [36] in a home built Reactive Ion Etching (RIE) system [37], using the following process conditions: 50 mTorr chamber pressure, 60 W RF power (0.33 W/cm 2 ), using CF 4 gas (20 sccm flow rate). With these process conditions, an etch rate of 15.4 nm/min, with a cathode self-bias of 400V DC , was obtained. After the plasma etching process, the aluminum layer was removed in the same phosphoric acid based solution as mentioned above, and the sample was again cleaned in an ammonium hydroxide solution, rinsed and dried. At this point the sample was ready to receive the second plasma etching step sequence, as shown in Fig. 9 . All the process steps are the same as for the first fused silica patterning step, except that now the π-phase delay mask (mask #2) was employed, and the etching time was doubled to 26 min, concluding the four phase-levels structure.
The pattern transfer from masks #1 and #2 to fused silica substrate employing dry etching process based on CF 4 chemistry was not perfect. There are some imperfections, mainly at the corners of the structures, with size of the order of 0.2 µm, which eventually will propagate into the final structures to be patterned. It has also been reported that the etching of fused silica substrates is not as easy and as reproducible as that of silicon wafers [38] . During our investigations, we observed similar problems, hence a pure CF 4 plasma etching process was chosen, requiring the use of an aluminum mask. Despite the induced line edge roughness, it is possible to demonstrate the proposed principle as explained in the results section.
A 1500 nm thick a:C-H layer was then reactive sputter deposited on top of the four-level phase structure on the fused silica substrate, after which the sample was patterned by the amplitude modulation mask (mask #3). In order to open the windows with areas proportional to the transmitted light amplitude, the a:C-H layer was anisotropically etched using the same etching chamber as for the phase structures' etching, using the following process conditions: 20 sccm of oxygen, 50 mTorr pressure, 100 W RF power (0.55 W/cm 2 ). With these process conditions, an etch rate of 300 nm/min, with a cathode self-bias of 520 V DC was obtained, with a selectivity of approximately 1:1 with respect to the resist mask. With this process the exposed a:C-H film was etched without affecting the fused silica substrate below. The remaining photoresist layer was then removed as after the earlier etching steps. A final rinse in de-ionized water was performed finishing the fabrication of the device. Figure 10a shows a photo of the fabricated phase shift diffractive photomask on a 3-inch fused silica wafer; Fig. 10b shows an overview the whole test structure.
The quality of the pattern transferred to the a:C-H film is much better than that of the fused silica pattern. AFM characterization showed no imperfections for this film, after reactive ion etching process. This indicates that the main problem of the manufacturing of the mask is in the plasma etching of the fused silica substrate, as could be expected. 
Exposure of the diffractive photomask into photo resist
In order to demonstrate the principle of the diffractive phase shift proximity printing photomask, the test structures shown in Fig. 4a were exposed on a silicon substrate by coherent argon-ion laser UV light operating at 368.3 nm wavelength -the most near wavelength used in the design (365 nm). The test consists in comparing the exposure results from contact and proximity (50 µm gap) mode, with all the other parameters kept constant.
A schematic view of the experimental setup is shown in Fig. 11 . The gap between mask and wafer under exposure was formed by using a 50 µm thick spacer. The laser source used was a 5W, multiline argon ion laser, model 2020 from Spectra Physics, operating at 363.8 nm.
A prism was used to separate this line. After being filtered and expanded, the beam power density was approximately 10 mW/cm 2 . Fig. 11 . Schematic view of the experimental setup used to perform the exposure with a coherent, multiline argon laser.
A photoresist layer with 1.2 µm thickness was exposed during 32 s by the incoming laser UV beam, followed by the development step. Figure 12 shows SEM images of the resulting structures from the two kinds of coherent light exposure: contact and proximity modes.
The structures obtained from the proximity printing mode exposure are much more clearly resolved than those obtained from the contact mode. This result indicates that the light propagation through the distance of 50 µm is a necessary condition to obtain the maximum resolution with the used mask, contrary to what is observed when using traditional binary lithography masks, where contact printing always results in better resolution than proximity printing.
It is possible to note also the strong speckle pattern due to the use of highly coherent argon-ion laser light in the exposure. Excimers emit strongly in a multimode fashion with a relatively poor spatial coherence. This is a strong drawback for many lasers applications, but it is actually an advantage for lithography. For comparison, an argon-ion laser has a bandwidth of < 0.0001 nm, while a free running excimer laser has a bandwidth of 1nm. In lithography applications, excimer sources are often line narrowed to a few picometers, but are still much broader than an argon-ion laser [39, 40] . Probably a better result would be obtained by excimer lasers. A second test was performed by using extended, partially coherent UV light in the exposure. In this case, an i-line filter was used to remove all wavelengths but the i-line from a small mercury light source. Although the mask was designed to operate with coherent light, there is a coherence length below which the exposure can be considered quasi coherent. This behaviour allows us to explore the partiall coherence of light. The coherence length is given by the Van Cittert-Zernike theorem [41] [42] [43] [44] . This theorem establishes the condition of a system illuminated by a polychromatic extended source to be considered in a partial coherent regime of operation.
Consider light emerging from an extended polychromatic source of size ρ, with mean wavelength, λ , illuminating a plane at a distance R from the source.
The regime of partial coherence can be achieved if the distances involved in the system obey the following relation:
where d(P 1 ,P 2 ) is the distance between two adjacent points belonging to a wavefront.
In order to maximize the coherence length one has to: i) make exposure with a light source as far as possible, and/or ii) employ a light source with wavelength as long as possible, and/or iii) use a light source with extension as small as possible.
In our exposure tool, the distance R = 1.5 m and λ = 365 nm. The extension of the source is the linear dimension of mercury arc lamp used, hence ρ = 2 mm. Using the values above, the coherence length equals to d(P 1 This dimension is larger than the squares of the test structures of Fig. 12 (20 by 20 µm squares), enabling a locally quasi coherent regime. Figure 13 shows the comparative results for partial coherent illumination. In this case, exposures in contact (Fig. 13a) , proximity with 50 µm gap (Fig. 13b) , and proximity with 100 µm gap (Fig. 13c) were performed. One can observe again the necessary condition of a 50 µm gap in order to obtain better resolution. Both contact mode and proximity with a 100 µm gap result in poorer resolution with respect to the 50 µm gap exposure. Besides, the speckle noise was eliminated since in this case a partially coherent regime was used. Figure 14 shows part of the test structures with a detail of a line 1.5 µm wide by 82 µm length, patterned in proximity (50 µm gap) and contact modes. One can note that the line obtained by proximity exposure is clearly resolved while that obtained by contact exposure is barely resolved. 
Conclusions
We designed, fabricated and tested a phase shift diffractive photomask, which operates in the proximity printing regime, forming the required image at a predetermined distance of 50 µm behind the mask. This mask was fabricated using an amorphous hydrogenated carbon (a:C-H) thin film on top of a patterned fused silica substrate. The fused silica is used to modulate the phase and the a:C-H layer to modulate the amplitude of the incoming UV light (365 nm wavelength). The first important feature of the proposed mask is that the resolution can be improved by the compensation of diffraction effects when compared to a conventional (binary, amplitude only) photomask. The results show a resolution as good as 1.5 µm, what is impossible with traditional diffraction-uncompensated binary masks in proximity printing mode.
The pattern transfer to a fused silica substrate by reactive ion etching based on CF 4 chemistry presents some imperfections, mainly at the edges of the structures. In future works we want to optimize the fidelity of the pattern transfer to fused silica, with low induced line edge roughness. Despite this induced roughness, it was possible to demonstrate the proposed principle of exploring the diffraction of light along the 50 µm gap between mask and wafer.
Although the resolution achieved by this technique is far larger for today's microelectronic devices fabrication, it is still very suitable for MEMS and MOEMS applications, with dimensions that typically range from several micrometers to several millimeters.
The second important feature of the proposed mask is that the a:C-H film is partially transparent in the visible region, helping the alignment of subsequent lithographic masks during MEMS/MOEMS devices fabrication, reducing its processing time.
Two types of light source were used to expose photoresist: an argon ion laser and also a small UV lamp where the illumination system operates in partial coherence regime. A comparative result showed that the resolution of a test structure exposed with the proposed mask was far better in proximity mode than those exposed in contact mode, when keeping all the other process parameters the same. The laser source resulted in a pattern affected by speckle noise, while the arc lamp source eliminated this effect.
